A convenient method for the synthesis of 2-oxo-acetamidines from methyl ketones using aromatic amines and DMF as nitrogen sources is reported via copper-catalyzed C(sp 
Introduction
Amidines are important structural motifs in natural products, bioactive molecules and functional materials.
1 They have profound applications in diverse areas such as medicinal chemistry, synthetic intermediates, catalyst design, material science, supramolecular chemistry, and coordination chemistry.
2 Therefore, the direct and convenient construction of amidines is an important and popular research eld, particularly for the synthesis of 2-oxo-acetamidines due to the wide applications of their carbonyl group as a versatile intermediate in the synthesis of a broad range of acetamidine derivatives.
3
Recently, transition metal and metal-free catalyzed C-N bond formation has arisen as an excellent synthetic method to build complex structures because it reduces prefunctionalization while improving atom economy and energy efficiency.
4 These protocols used nitriles, 5 isonitriles, 6 organic azides, 7 and amines 8 as nitrogenous sources, which are considered important pathways to construct cyclic and acyclic amidines.
Amides are key building blocks of proteins and are broadly found in natural and manufactured organic molecules. Meanwhile, amides are also oen used as precursor molecules to synthesize amidines.
10 The general method of synthesizing amidines by amides is mainly divided into the following two strategies: (1) direct amidination of the amide and amine scaffolds without decarbonylation of amide, providing cyclic amidines as the nal product (eqn (a)-(c) in Scheme 1); 10 (2) decarbonylation of the amide to semicyclic amidines (Scheme 1, eqn (d)).
11 Although signicant progress has been made in this eld, direct and efficient methods for the synthesis of acyclic amidines from amide are still highly desired.
As our continuing interest in carbon-nitrogen coupling elds, 12 and inspired by the above-mentioned studies, we herein report a copper-catalyzed adimination of methyl ketones, aromatic amines and DMF to acyclic amidines, 2-oxoacetamidines (Scheme 1, eqn (e)). Even though the reactions of methyl ketones with amines or amides are known to achieve the synthesis of a-ketoamides by using metal and metal-free approaches, 13 the synthesis of acyclic amidines using amides and aromatic amines as two different nitrogen sources has not been described previously. This approach allows direct amidination of three C(sp 3 )-H bonds and affords C-N bond and C]N bond simultaneously. This protocol provides a versatile approach to 2-oxo-acetamidines with good functional group
Scheme 1 Methods for the synthesis of amidines.
tolerance. Notably, less reactive aliphatic methyl ketone could also be converted into the corresponding amidine derivatives.
Results and discussion
Initially, the reaction of acetophenone 1a, aniline 2a and DMF catalyzed by copper salts was performed to optimize the reaction conditions. The results were listed as shown in Table 1 . To our delight, under CuCl 2 conditions, reaction of 1a, 2a with DMF afforded mainly oxidative amidination product 4aa in 15-85% yield (entries 1-8, Table 1 ). Subsequently, a number of other oxidants including DTBP, TBHP, BPO, AIBN were explored. Only the DTBP and TBHP effected the reaction, among which DTBP proved to be superior oxidant, giving 4aa in 75% yield (entries 1-4; Table 1 ). Gratifyingly, further improvement of the process was achieved when the reaction conducted under the ligand of phen (1,10-phenanthroline monohydrate), affording 4aa in 85% yield (entry 5; Table 1 ). Copper salts exhibited unique ability in this transformation, as the reaction did not occur without copper catalyst (entry 6; Table 1 ). Aer a series of copper salts were tested (entries 9-13; Table 1 ), CuCl 2 was demonstrated to be the best choice. Further studies indicated that base can promote this transformation, PhCOOK is optimal (entries 14-17; Table 1 ). Under the nitrogen atmosphere, 1a and 2a could not react to form 4aa (entry 8; Table 1 ). This fact implied that oxygen was essential for this reaction. Reaction temperature and reaction time were also scanned to improve the yield, and 120 C and 36 h were determined as optimum for the oxidative amidination reaction (entries 18-22; Table 1 ). Aer screening on different parameters, the highest yield of 4aa (85%) was achieved when the reaction was carried out with CuCl 2 (0.1 mmol), phen (0.1 mmol), PhCOOK (0.5 mmol) and DTBP (2 mmol) at 120 C under the atmosphere of oxygen in DMF (entry 9; Table 1 ).
With the optimized reaction conditions in hand, the scope with respect to the methyl ketones was rstly evaluated (Table 2) . A wide variety of methyl ketones bearing electron-donating and electron-withdrawing functional groups gave the corresponding products in moderate to excellent yields (4aa-4ra). The position of the substituents on the aryl ring had a minor effect on the efficiency of this transformation. For example, not only methyl ketones 1d and 1i possessing para substituents but also substrates (1c,1e) and 1b, bearing substituents in meta and ortho position, afforded the corresponding products in good yields. In addition, our newly developed protocol tolerated a variety of functionalities, including halogens (4ea, 4fa, 4ga and 4ha), methoxy (4ka), ethoxy (4la), ester groups (4ma), t-butyl (4na). Notably, reactive primary amine on the aromatic ring were also tolerated (4oa). Fortunately, when p-nitroaniline were used as substrates, the desired products were detected (4ja) in moderate yield. Heteroaryl methyl ketones were also investigated, and the corresponding products were obtained in moderate to excellent yields (4pa, 4qa, 4ra). Pyridine methyl ketones failed to participate in the reaction to obtain the desired product (4sa,4ta). Moreover, this methodology could be extended to alkyl methyl ketones as well, although in moderate yield (4ua).
Next, the scope of aromatic amines was explored (Table 3) . A wide range of structurally diverse aromatic amines were suitable substrates for this transformation. For example, aryl amines bearing methyl groups could generate the corresponding 2-oxo-acetamidines 4ab-4ad in excellent yields. Under the optimal reaction conditions, the meta-halogen substrates (4ae-4ag) and the para-halogen substrates (4ah-4ak) are both completely tolerated. Also, functional groups such 4-isopropyl (4am), 3,5-dimethoxy (4an) were well tolerated under our reaction conditions. Fortunately, when p-nitroaniline were used as substrates, the desired products were detected (4al) in moderate yield. Moreover, heteroaryl amines were also investigated, and the corresponding products were obtained in moderate yields (4ao,4ap).
Unfortunately, pyridin-2-amine and 5-methylisoxazol-3-amine are not prone to this reaction (4aq,4ar). Meanwhile, quinolin-8-amine does not react (4as).
Then, the scope of amides was explored (Table 4) . Unfortunately, this protocol was not general to a wide range of formamides including N,N-diethylformamide, N-methylformamide, N-methyl-N-phenylformamide, morpholine-4-carbaldehyde with piperidine-1-carbaldehyde, giving no desired products.
To elucidate the mechanism, some control experiments were performed (Scheme 2). At rst, the reaction of acetophenone 1a with aniline 2a was carried out without CuCl 2 , and the desired product 4aa was not detected (Scheme 2 [eqn (1)]). When the reaction was done in the absence of O 2 , 4aa was also not detected (Scheme 2 [eqn (1)]). These results suggested that both CuCl 2 and O 2 were necessary for the reaction. When 2.0 equiv. of BHT (2,6-di-tert-butyl-4-methylphenol) was added under the standard conditions, the reaction was inhibited substantially (Scheme 2 [eqn (1)]). The result suggests that the reaction may involve a radical reaction. Our reaction may be involved dimethylamine generated in situ from DMF.
14 To verify this pathway, dimethylamine 5 was then used instead of DMF under the same conditions (Scheme 2 [eqn (2)]), and only a little amount of 4aa was detected. This result implies that an aminyl radical, not an amine, was the intermediate in the transformation process. According to the literatures and experimental results, 15 we predicted that acetophenone 1a may be oxidized to phenylglyoxal intermediate, and then form Schiff base to complete the transformation process. Therefore, we conducted a control experiment in which phenylglyoxal monohydrate 6 and imine 7 were used as substrates under standard conditions (Scheme 2 [eqn (3) and (4)]). The experimental results show that the target product is obtained in a lower yield, indicating that 6 and 7 may not be the key intermediates in the reaction. As shown in eqn (5), the reactions between 2a and 2-(dimethylamino)-1-phenylethan-1-one 8 were investigated. Under the optimized conditions, the product 4aa could be furnished in 80% yields (Scheme 2 [eqn (5)]). The results demonstrated that the reaction may have undergone 8 intermediate process. Notably, 2-oxo-N,2-diphenylacetamide 9 and 1-phenyl-2-(phenylamino)ethan-1-one 10 both were not suitable substrates for the reaction (Scheme 2 [eqn (6) and (7)]). When the reaction was carried out in the absence of acetophenone 1a, N,N-dimethyl-N 0 -phenylformimidamide 11 and 1,2-diphenyldiazene 12 were detected (Scheme 2 [eqn (8)]). This result indicated the cationic aniline radicals maybe formed in this reaction.
16
On the basis of the above results, a plausible mechanism for the copper-catalyzed aerobic oxidative coupling is illustrated in Scheme 3. In the rst step, the tert-butoxyl radicals trapped hydrogen from the aryl methyl ketone and DMF respectively to form radical B 13b,17 and aminyl radical A. 18 Then, decarboxylation of A produced aminyl radical C, which reacted with radical B to generate intermediate D. D was then converted to E in the presence of tert-butoxyl radical. Meanwhile, a single-electron oxidation of anilines mediated by Cu(II) occurred, affording corresponding radical cations F.
Cationic radical F coupled with radical E to obtain G. Hydrogen ion of G was removed by base to give the product H. Finally, H is oxidized under standard conditions to form the desired product I (Scheme 3).
Conclusions
In conclusion, the copper-catalyzed oxidative amidination of methyl ketones with aromatic amines and DMF has been developed. Acyclic 2-oxo-acetamidines could be obtained with moderate to good yields. This protocol features with acyclic amidines formation using DMF and aromatic amines as two different nitrogen sources. Further investigations on reaction scope and synthetic application are underway in our laboratory.
Conflicts of interest
There are no conicts to declare.
